Carbonyl sulfide (OCS) has recently emerged as a tracer for terrestrial carbon uptake.
employ established theoretical relationships to infer ecosystem-scale plant OCS uptake 23 from mixing ratio measurements. OCS fluxes showed a pronounced diurnal cycle, with 24 maximum uptake during mid-day. OCS uptake was found to scale with independent 25 measurements of CO 2 fluxes over a 60-m-tall old-growth forest in the Pacific 26 Northwestern U.S. (45°49′13.76′′ N; 121°57′06.88′′) at daily and monthly timescales 27 under mid-high light conditions across the growing season in 2015. OCS fluxes tracked 28 changes in soil moisture, and were strongly influenced by the fraction of downwelling 29 diffuse light. Finally, we examine the effect of sequential heatwaves on fluxes of OCS, 30 CO 2 and H 2 O. Our results bolster previous evidence that ecosystem OCS uptake is 31 strongly related to stomatal dynamics, and measuring this gas improves constraints on 32 estimating photosynthetic rates at the ecosystem scale. 33 34
Introduction 35
Carbonyl Sulfide (OCS) is the most abundant sulfur gas in the atmosphere, with a mean 36 atmospheric concentration of ~500 ppt (parts per trillion), and therefore a significant part 37 of the tropospheric and stratospheric sulfur cycles, with implications for the global 38 radiation budget and ozone depletion (Johnson et al.,1993; Notholt et al., 2003 Devices ltd., Cambridge, U.K.) was installed at the top of the canopy and collected direct 175 and diffuse shortwave downwelling radiation from April-December 2015. Measurements 176 were made every 1 min, and then aggregated to hourly means. We limited our analyses of 177 diffuse radiation data to include only mid-day hours (between 11am-1pm) to minimize 178 the influence of solar angles on diffuse radiation fractions. We defined three distinct 179 periods based on the ratio of diffuse radiation to total incoming solar radiation (fidff). closed-chamber concentration were used to calculate the surface fluxes of OCS and CO 2 . 249
where M c is the measured flow rate into the chamber (converted from Lmin -1 to mols -1 251 using the ideal gas law) and is the difference between mixing ratios of OCS or CO 2 in 252 ambient air and the chamber and A is the surface area of the chamber. The minimum flux 253 detectable with this method was 1.2 pmolm -2 s -1 uptake or production. 254
Care was taken to select sites characteristic of the surface, which was generally springy 255 and covered in a mat of mosses and lichen. Surface flux observations were made at site 1 256 from July 6 to 16, site 2 from August 13 to October 7, and site 3 from November 6 to 257
December 2, 2015. The first site was visually similar to the subsequent two sites at the 258 surface, though the chamber base of the first site was installed into the moss layer and a 259 barely decomposed fallen tree. When a soil sample was attempted to be extracted from 260 the footprint of the chamber base, several liters of intact wood litter were removed. The 261 influence of the developed soil on site 1 is therefore considered minimal. Site 2 was 262 selected nearby and observations were made until a dominant tree fell on the soil 263 chamber. The chamber was repaired and re-installed a month later at site 3 and 264 observations continued without incident until the chamber was removed in advance of the 265 soil freezing. 266 3. Results and Discussion: 267 3.1. Ecosystem fluxes: The composite diurnal cycles for CO 2 , water vapor and OCS and 268 fluxes are shown (Fig. 2a-c) . The total ecosystem flux of OCS (F OCS ; Fig 2. b.) follows a 269 pronounced diurnal cycle that peaks during daylight hours. The vertical profile of mixing 270 ratios measured throughout the canopy is also shown (right y-axis and orange lines in 271 Fig.2.b) . OCS mixing ratios are highest at the canopy top and lowest near the forest floor, 272 but mixing ratios increase from the early morning to mid-afternoon. Together these 273 processes are indicative of ecosystem uptake and downward entrainment of boundary 274 layer air. While entrainment helps explain the diurnal cycle of observed mixing ratios, 275 this flux integrates to zero at daily and longer time scales (Rastogi et al., in revision). The 276 shape of the F OCS curve is very similar to those of net and gross carbon fluxes (Fig 2.b-c estimates of GPP (Fig. 3a) , and uptake of both OCS and CO 2 reduced as soil moisture 310 declined. Variability in the relationship between fluxes of OCS and CO 2 and soil 311 moisture was related to VPD, which fluctuated as a response of changing cloud cover 312 (discussed later in sec. 3.4). 313 314 Ecosystem uptake of OCS and CO 2 (as well as GPP) was highest in April (Fig. 4a) , and 319 declined as the soil drought progressed (Fig. 4f) . Mean monthly maximum OCS flux was 320 estimated as -61 ± 6 pmolm -2 s -1 , while daily mean maximum GPP over this period was 321 estimated as 10 ± 1µmolm -2 s -1 (plotted as a negative quantity in Fig. 4b to show 322 ecosystem uptake). While the steepest declines in F OCS , NEE and GPP happened between 323 the months of May and June, F OCS continued to decline through the rest of the summer, 324 with a minimum in August, and remaining low in September and October. CO 2 fluxes 325 flattened between June-September, before declining again in October. While uptake of 326 OCS and CO2 followed similar patterns, H 2 O flux remained high until mid-summer (Fig.  327 4c) before plunging in August, presumably due to a combination of high VPD (Fig. 4d)  328 and declining soil moisture (Fig. 4f) , as plants exercised greater control over stomata.
329
This can be clearly seen in the seasonal cycle of canopy conductance (Gc; Fig. 4e ). Mean 330 monthly Gc was highest in the months of April and May, and then declined in response to 331 increasing VPD and decreasing soil moisture, before increasing again slightly in 332
September and October following soil recharge and decreased VPD due to precipitation 333 events. In October, soil water recharge, several rain-free days (Fig. 1) , and lower VPD 334 (Fig. 4d) do not result in increased gas exchange, likely due to downregulation of 335 photosynthesis (Eastman and Camm, 1995) , induced by photoprotective changes in the 336 xanthophyll cycle (Adams and Demmig-Adams, 1994 ). 337 the subsequent two sites and had a substantial layer of intact woody debris under the 345 chamber footprint. Site 2 and 3 had OCS fluxes similar to previous surface fluxes 346 reported for forests (Whelan et al., 2018) . For all sites, there was no clear diurnal 347 pattern. For site 2, uptake immediately following chamber installation was higher (~6 348 pmol m -2 s -1 ) than fluxes later on (all <6 pmol m -2 s -1 ) when temperatures were lower (Fig  349  5) . Site 3 did not have high uptake after chamber installation, and had consistent fluxes 350 between the detection limit and -6.2 pmol m -2 s -1 for the first few weeks. When ambient 351 air temperatures dropped below freezing, uptake remained unchanged, except for the 352 largest uptake observed (6 to 12 pmol m -2 s -1 ) during two events when average air 353 temperature fluctuated from a cooling to warming trend. Soil temperature never dropped 354 below freezing during the experiment and was generally colder over time. We did not lowest under overcast skies, but was most different across the three periods, during clear 381 skies (Fig. 6a) . Consequently, OCS and CO 2 uptake was highest (most negative fluxes) 382 under overcast conditions during the early summer, and generally declined as fdiff 383 decreased across all time periods (Fig. 6b-d) . Across the three periods, the rate of 384 decrease was much higher as fdiff changed from partially cloudy to clear. During the mid-385 late summer, however, (red diamonds in Fig. 6a-f) , the diffuse light effect resulted in 386 GPP and NEE being almost as high as during the early summer. F OCS was also highest 387 under partially cloudy skies during this time, and only showed a very weak decline under 388 completely overcast conditions. Overall, the behavior of OCS and CO 2 fluxes was similar 389 during the later time periods. Leaf relative uptake (LRU; calculated according to eq. 5) 390
was lowest under partly clear skies and highest under overcast conditions. This is because 391 under highly diffuse conditions, carbon uptake is additionally limited by light, whereas 392 F OCS is not (Wehr et al., 2017; Maseyk et al., 2014) . The shape of the LRU curves can 393 additionally be explained by examining canopy conductance (Gc; Fig. 6f Fig. 7 ; the overall time 428 series is shown in blue (mid-day means are plotted for all variables). Mid-day 429 temperatures exceeded 30°C during these heat wave events, while VPD-leaf exceeded 3 430 kPa during the first heat wave and increased to a maximum of 5.3 kPa during the last 431 event (Fig. 7b) . During the first event, F OCS was similar to days immediately prior (Fig.  432 7c), but the canopy became a net source of CO 2 during all three events (Fig. 7d) . The 433 third events lead to a reduction in F OCS , even though the canopy had received some 434 rainfall in the preceding weeks (Fig. 1c) . Water vapor fluxes (Fig. 7e) increased during 435 the first heat wave, compared to days immediately prior. The increased water vapor flux 436 is likely form an increase in transpiration under high VPD l (red bars in Fig. 7b ). Even as 437 canopy conductance (Fig. 7f) is reduced under the third heatwave, high VPD l ensures a 438 steady transpirational flux (purple bars in Fig. 7e) . 439 
Conclusions 446
Over hourly, daily and seasonal timescales, estimates of F OCS generally tracked 447 fluctuations in GPP, implying stomatal control of carbon, water, and OCS fluxes at the 448 site. We used continuous in-situ measurements of OCS mixing ratios, collocated 449 measurements of water vapor fluxes, and air and canopy temperatures to calculate OCS 450 uptake. We found the forest to be a large sink for OCS, with sink strength peaking during 451 daylight hours. The mean LRU was ~ 4, and varied in response to changing light 452 conditions and canopy conductance. These LRUs are larger than observed from other 453 ecosystem scale studies, but well within the range of reported values (Whelan et al., 454 2018; Sandoval-Soto et al., 2005). The forest surface was found to be a soil moisture 455 dependent sink of OCS. Ecosystem fluxes of OCS and CO 2 were found to be strongly 456 sensitive to the ratio of diffuse: direct radiation reaching the top of the canopy. Uptake of 457 both OCS and CO 2 increased as sky conditions changed from clear to partly cloudy. A 458 much smaller increase in uptake was observed as sky conditions changed from partly 459 cloudy to overcast, except during the early summer, when soil moisture was not limiting.
460
This change was mediated by the sensitivity of stomata to changing cloudiness and soil 461 
